1. Introduction
===============

Feline infectious peritonitis (FIP) is one of the major infectious cause of mortality in kitten ([@bib6]). The causative agent, feline coronavirus (FCoV), is an enveloped, positive-sense, single-stranded RNA virus belonging to family Coronaviridae within the order *Nidovirales* ([@bib18]). FCoVs are also associated with mild or subclinical enteric infections ([@bib21]). Despite the high prevalence of FCoVs in feline populations around the world ([@bib4], [@bib15], [@bib16], [@bib20], [@bib25]), only 5--12% of seropositive cats develop FIP ([@bib1], [@bib2]).

FCoVs are further classified into two serotypes that differ in their growth characteristics in cell culture and antigenicity relative to canine coronaviruses (CCoVs) ([@bib22]). Type II FCoVs are the result of recombination between a type I FCoV and CCoV ([@bib12]). Both types of FCoV can cause FIP ([@bib22]). Type I and II FCoVs have different cell tropisms that can be explained by differences in the binding specificity of their respective spike proteins ([@bib14]). Based upon recognized differences in the spike genes of these two virus types, reverse transcription-polymerase chain reaction (RT-PCR) analyses has been employed as an alternative method to distinguish between type I and II viruses ([@bib3], [@bib5]). The prevalence of type I and II FCoV has been surveyed in many countries, including the USA ([@bib27]), UK ([@bib3]), Japan ([@bib13], [@bib24]), Austria ([@bib5]), and Switzerland ([@bib17]). Regardless of which assays were used, the majority of infections were attributed to type I FCoV. Although both type I and II FCoV can cause FIP, their likelihood of association with FIP was controversial in different studies ([@bib17], [@bib13]).

Coronaviruses (CoVs) have been identified in a variety of host species, including birds, humans, livestock, and other mammals ([@bib18]). Recently, the evolution of CoVs has been extensively studied ([@bib8], [@bib28], [@bib29]) and the prototype FCoV strain 79-1146 was placed in group 1a together with transmissible gastroenteritis virus (TGEV) and two wild animal CoVs ([@bib28]). As strain 79-1146 is a type II virus isolated long time ago ([@bib19]), the genetic information carrying in current FCoVs might be quite different. To explore the relationship between FIP and different FCoV serotypes and to better understand the prevalence and genetic diversity of the recent type I and II viruses, naturally infected cases collected over the past 5 years from our teaching hospital were investigated. Despite the higher prevalence and genetic diversity of type I FCoV, infection with type II FCoV appears to be highly significantly correlated with FIP.

2. Materials and methods
========================

2.1. Animal and specimen collection
-----------------------------------

Clinical specimens including body effusions, whole blood, rectal swabs, and conjunctival swabs were collected from cats presenting at the Animal Hospital of National Taiwan University over a 5-year period (2003--2007). All specimens were screened for FCoV by RT-PCR, as described by [@bib10]. A total of 363 cases that showed positive RT-PCR from either one of the specimens were enrolled in this study. These include 127 healthy cats (83 admitted for routine health check and 44 FIP-cohabitated cats) together with 236 clinically FIP-suspected cats that showed either a clinical history of anorexia, weight loss, lethargy, icterus, mild antibiotic-unresponsive fever, abdominal distension and/or thoracic effusion with a low albumin to globulin ratio. The specimens that tested positively were subsequently subjected to FCoV typing.

2.2. Sample preparation and reverse transcription
-------------------------------------------------

Rectal swab samples were suspended in 1 ml of 0.1% DEPC-treated water. Total RNA was extracted from 300 μl of whole blood, body effusion, or rectal swab suspension using Trizol ([@bib7]). Eleven microlitre of isolated RNA were added to the premix, consisting of 4 μl of 5× RT buffer, 1 μl of 2.5 mM dNTPs (GeneTeks Bioscience, Inc., Taipei), 1 μl of 50 μM oligo dT, 2 μl of 0.1 M dithiothreitol, and 1 μl containing 200 U Moloney murine leukemia virus reverse transcriptase (Invitrogen, CA, USA) in a 0.6 ml reaction tube. This reaction mixture was incubated at 37 °C for 60 min, then at 72 °C for 15 min, and finally at 94 °C for 5 min.

2.3. Multiplex-nested PCR amplification of the S gene
-----------------------------------------------------

For typing of FCoV, multiplex-nested PCR was performed according to the procedures outlined in [@bib3] with slight modifications. Following reverse transcription, 2 μl of the product was added to 28 μl of the PCR mixture. The PCR mixture consisted of 3 μl of 10× Taq buffer, 0.5 μl of each primer (10 μM) (S1: 5′-CCACACATACCAAGGCCA-3′, S2: 5′-CTTAATGC(A/T)T(A/T)TGTGTCTC-3′), 1 μl dNTPs (2.5 mM), 0.5 μl *Taq* DNA polymerase (GeneTeks BioScience, Inc., Taipei), and 22.5 μl of 0.1% DEPC-treated water. The temperature cycling (Mastercycler Personal, Eppendorf), consisted of 3 min of preheating at 94 °C; 35 cycles of denaturation at 94 °C for 30 s, annealing at 50 °C for 30 s, and extension at 72 °C for 40 s, with a final extension at 72 °C for 5 min. Multiplex-nested PCR was performed on 2 μl of the first PCR product using nested primers ([@bib3]). The temperature cycling protocol consisted of 3 min of preheating at 94 °C, 35 cycles of denaturation at 94 °C for 30 s, annealing at 47 °C for 30 s, and extension at 72 °C for 30 s, with a final extension at 72 °C for 5 min. The expected size of the product from the first PCR was 702 bp. The second PCR yielded the expected products for type I and II FCoV: 360 and 218 bp, respectively.

2.4. Sequencing and analysis of PCR-amplified products
------------------------------------------------------

A 10 μl aliquot of each PCR product was analyzed by electrophoresis through a 1.5% agarose gel (Viogene, Taipei). Amplification products were visualized using UV illumination after ethidium bromide staining. The targeted DNA fragments were purified (Geneaid Biotech, Ltd., Taipei), and the nucleic acid sequences were determined from both orientations, sense and antisense, using an automated DNA sequencer (ABI 3730XL, USA). The cDNA sequences of a region of the S gene were then compared with those of reference FCoVs, CCoV, and wild animal CoVs. Multiple alignments of nucleic acid sequences were performed by the Clustal W method using the MegAlign program (DNASTAR Inc., WI, USA).

2.5. Statistical analysis
-------------------------

All cases were divided into three groups, namely FIP, ill, and healthy, according to the laboratory findings. A definitive diagnosis of FIP was made by a postmortem histopathological examination with typical pyogranulomatous lesions ([@bib9]). The grouping criteria for ill were made for cases lacking the final histopathological confirmation irrespective of how strong their clinical and/or laboratory evidences of FIP may be. Healthy cats refer to those that were first presented to our hospital either for a routine health check or cohabitated with a FIP-diagnosed cat, and have never been readmitted for FIP during the past years. Correlation of virus genotypes with FIP disease was made by analyzing cases from FIP and healthy groups but not ill ones. The statistical evaluation was carried out with the chi-square test with Yate\'s correction. The difference in values was considered statistically significant and highly significant if the associated *p* value was \<0.05 and \<0.01, respectively.

3. Results
==========

3.1. Prevalence of FCoV types
-----------------------------

Of the 363 cases, 197 (54.3%) tested positively for type I, 13 (3.6%) for type II, and 12 (3.3%) for both types; however, there were 141 cases (38.8%) for which differentiation was not possible by our RT-nPCR ([Table 1](#tbl1){ref-type="table"} ). Among the 222 differentiable cases, type I appeared to be the main type (88.7%, 197/222), type II accounted for 5.9% (13/222), and cats infected with both types of virus made up the rest 5.4% (12/222). Only the differentiable cases were subjected to further analysis.Table 1Typing of feline coronavirus by RT-PCR and its prevalence in Taiwan.Clinical status[a](#tbl1fn1){ref-type="table-fn"}Number of cases testedTypableUntypableTotalType IType IIType I and IIFIP28/38 (73.7%)4/38 (10.5%)6/38 (15.8%)1048/363 (13.2%)Ill98/110 (89.0%)6/110 (5.5%)6/110 (5.5%)78188/363 (51.8%)Healthy71/74 (95.9%)3/74 (4.1%)0/74 (0%)53127/363 (35.0%)  Total197/363 (54.3%)13/363 (3.6%)12/363 (3.3%)141/363 (38.8%)363[^1]

3.2. Correlation of FCoV type with FIP disease
----------------------------------------------

According to the grouping criteria given above, 110 FIP-suspected cats of which necropsy were unavailable after death were excluded from our analysis and were put into ill group ([Table 1](#tbl1){ref-type="table"}). Among the 74 FCoV strains from healthy cats, 71 (95.9%) were type I and 3 (4.1%) were type II. For the 38 cats with definite diagnosis of FIP, 28 (73.7%) were type I, 4 (10.5%) were type II, and 6 (15.8%) had both types of FCoVs ([Table 1](#tbl1){ref-type="table"}). Surprisingly, among the 13 cats infected with type II viruses, 10 (76.9%) were associated with FIP whereas only 32.4% (34/105) of type I FCoV-infected cats succumbed to FIP. Using a chi-square test the correlation of FCoV type with FIP disease was calculated. Among the 118 FCoV strains (105 type I and 13 type II) analyzed, type II virus appeared to be highly significantly correlated with the disease (*p*  = 0.0046) ([Table 2](#tbl2){ref-type="table"} ).Table 2Disease correlation of type I and II FCoV.GroupNumber of FCoV strainType IType IITotalFIP34 (32.4%)10 (76.9%)44Healthy71 (67.6%)3 (23.1%)74  Total10513118

3.3. Genetic comparison and phylogenetic analysis of the local type I and II FCoVs
----------------------------------------------------------------------------------

FCoV originated from 10 different households were chosen to further understand the evolutionary track of our local type I and II FCoVs ([Table 3](#tbl3){ref-type="table"} ), a region of the S gene from local strains that were circulating yearly from 2003 to 2007 were sequenced and compared with that of reference FCoV, CCoV and wild animal CoV strains. In comparison to the low nucleotide sequence similarity between type I and II FCoV (56.2--63.6%), homology within all analyzed type I viruses (83.3--95.2%) and within all type II viruses (91.7--99.4%) appeared to be much higher ([Fig. 1](#fig1){ref-type="fig"}, [Fig. 2](#fig2){ref-type="fig"} ). The nucleotide divergence between local FCoVs was between 6.2% and 11.7% for five type I viruses ([Table 4](#tbl4){ref-type="table"} ) and between 0.6% and 3.1% for five type II viruses ([Table 5](#tbl5){ref-type="table"} ). These findings revealed that, within the time frame of this study, type I FCoVs displayed more genetic diversity than type II viruses. The phylogenetic trees constructed using the partial S gene sequences are shown in [Fig. 3](#fig3){ref-type="fig"} . Apart from one local type I virus (NTU2R) and local CCoVs (NTU2 and 9) that originated from the same lineage, other type I viruses displayed divergence. Surprisingly, four of our local type II viruses (NTU30A, 39A, 46Ce and 205C) and a Japanese FCoV (F21-1) clustered with two wild animal CoVs from China (raccoon dog CoV/GZ43/03 and Chinese ferret badger CoV/DM95/03), and they were distinct from the reference type II FCoVs strains 79-1146 and 79-1683.Table 3Signalment of 10 cats stratified according to different type of FCoV analysis.AnimalFCoVsCat no.[a](#tbl3fn1){ref-type="table-fn"}YearAgeGenderBreedTypeDenomination[b](#tbl3fn2){ref-type="table-fn"}Denomination in brief120036.5 monthsFDomestic short hairIFCoV/NTU2/R/'03NTU2R220041 yearFDomestic short hairIFCoV/NTU22/P/'04NTU22P320055 monthsMDomestic short hairIFCoV/NTU45/P/'05NTU45P420064.5 monthsMPersianIFCoV/NTU47/A/'06NTU47A520075 monthsMDomestic short hairIFCoV/NTU48/A/'07NTU48A620043 monthsMAmerica short hairIIFCoV/NTU30/A/'04NTU30A720053 monthsFScottish FoldIIFCoV/NTU39/A/'05NTU39A820065 monthsFDomestic short hairIIFCoV/NTU46/Ce/'06NTU46Ce920073.5 monthsMScottish FoldIIFCoV/NTU156/P/'07NTU156P1020075 monthsFScottish FoldIIFCoV/NTU205/C/'07NTU205C[^2][^3]Fig. 1Multiple nucleotide sequence alignment of the 168 bp fragment of the S gene from 12 type I FCoVs and 3 type I CCoVs. Only those nucleotides differing from the overall majority sequence are shown. The Taiwanese FCoV and CCoV GenBank accession numbers are [EU513381](EU513381)--[EU513384](EU513384) and [EU513390](EU513390)--[EU513391](EU513391), respectively. The reference strains include FCoV F13-27 ([EF408013](EF408013)), FCoV Ku-2 ([D32400](D32400)), FCoV 99LVIPortugal_05A ([EU327752](EU327752)), FCoV Black ([DQ122859](DQ122859)), FCoV UCD1 ([AB088222](AB088222)), FCoV J10_0998 ([AY159748](AY159748)), FCoV C1Je ([DQ848678](DQ848678)), and CCoV C15-60 ([EF407998](EF407998)).Fig. 2Multiple nucleotide sequence alignment of the 168 bp fragment of the S gene from 11 type II FCoVs, 2 type II CCoVs and 2 wild animal CoVs. The Taiwanese FCoV GenBank accession number is [EU513385](EU513385)--[EU513389](EU513389). The reference strains include FCoV F21-1 ([EF408020](EF408020)), FCoV F20-54-II ([EF408022](EF408022)), FCoV HABER ([DQ122859](DQ122859)), FCoV DF-2 ([DQ286389](DQ286389)), FCoV 79-1146 ([DQ010921](DQ010921)), FCoV 79-1683 ([X80799](X80799)), CCoV C8-45 ([EF408003](EF408003)), CCoV Chiba-40 ([EF408004](EF408004)), RDCoV/GZ43/2003 ([EF192155](EF192155)), and CFBCoV/DM95/2003 ([EF192156](EF192156)).Table 4Sequence divergence of local type I viruses.StrainsStrainsNTU2NTU22NTU45NTU47NTU226.2NTU458.910.3NTU476.210.910.9NTU488.311.77.68.2Table 5Sequence divergence of local type II viruses.StrainsStrainsNTU30NTU39NTU46NTU156NTU390.6NTU461.81.2NTU1561.21.83.1NTU2050.61.22.40.6Fig. 3Phylogenetic relationships determined by the S gene sequences of the local FCoV and CCoV strains and reference FCoV, CCoV and wild animal CoVs strains. The phylogenetic trees were generated using the DNASTAR MegAlign program. The number of branches were calculated using bootstrapped values from 1000 replicates. The scale beneath the tree provides a key for the distance between sequences and the units at the bottom of the tree indicate the number of substitution events. Light grey underlay: local FCoV strains; dark grey underlay: local CCoV strains.

4. Discussion
=============

The prevalence of type I and II FCoVs has been surveyed in many countries using serological and molecular assays ([@bib3], [@bib5], [@bib13], [@bib17], [@bib24], [@bib27]). In concordance with others findings, our results indicate that the majority of FCoV infection in Taiwan is due to type I viruses (88.7%). Our sequence analyses revealed that the type I virus is more genetically diverse than type II virus, a phenomenon that might be due to the large type I-infected population around the world and the possibility of a lengthy persistence of the virus in the asymptomatic cats ([@bib3], [@bib11]). Cats that are co-infected with both type I and II viruses were detected at a rather high frequency in this study (15.8%, 6 among a total of 38 FIP cases) ([Table 1](#tbl1){ref-type="table"}). Similar findings (6.8%, 5/74) were reported in a study that employed RT-PCR to type FCoV using organ pools from cats with FIP in Austria ([@bib5]). Did both types of viruses participate equally in the pathogenesis of FIP in these co-infected cats? Or one type plays a more significant role than the other? The question is currently under investigation.

A study conducted in Swiss cats using an IFA assay reported that infection with type I FCoV was more frequently associated with clinical signs and/or FIP ([@bib17]). In contrast, using a different assay (RT-PCR), our results revealed that it is type II virus that significantly correlated with FIP (*p*  = 0.0046). A previous seroprevalence study conducted by [@bib13] in Japan also concluded that FIP due to type II FCoV might be higher than type I viruses. In our study, type II FCoV was detected on the rectal swabs from three healthy cats using RT-PCR. Follow-ups were possible for two of these three cats. None of the rectal swabs collected during the past 3 years for these two cats were positive for FCoV (data not shown). Similar finding was observed from one specific pathogen-free cat experimentally infected with a type II virus (strain Wellcome) ([@bib26]). Unlike other seven cats that died from the infection, this cat did not develop clinical signs of FIP and the viral shedding ceased at day 14 post-infection. Taken together with the observations from the aforementioned studies, infection with type II FCoV seems to follow a different course than infection with type I virus. Type I virus was demonstrated to be able to persist in cats living in multi-cat households for more than 6 years ([@bib3]) and for at least 7 months in a single experimentally infected cat ([@bib11]). To our knowledge none of the similar finding has been reported in the naturally occurring type II FCoV infection. Type II virus is more likely to cause acute infections that result in either FIP or recovery without persistence. This distinction might explain why, in the epidemiological studies from various countries, the prevalence of type II virus is consistently lower than that of type I virus ([@bib3], [@bib5], [@bib13], [@bib17], [@bib24], [@bib27]).

A recent study indicated that FCoV (FCoV 79-1146 strain) and TGEV (Purdue strain) were most closely related to the wild animal CoV ([@bib28]). Since type II FCoV originated from a double recombination between type I FCoV and type II CCoV ([@bib12], [@bib23]), it was believed that the S gene of type II FCoV would be more closely related to type II CCoV. When the wild animal CoV, type II CCoV, and type II FCoV were aligned ([Fig. 2](#fig2){ref-type="fig"}), however, type II FCoVs had higher similarity to a raccoon dog virus strain CoV/GZ43/03 and a Chinese ferret badger CoV strain CoV/DM95/03 (97.6--99.4%) than to either reference type II FCoV (93.5--97.6%) or type II CCoV (95.2--98.8%). This finding indicates that, in addition to CCoV, there are viruses from other families of animals (e.g., Mustelidae) that share a common evolutionary origin in the S gene with type II FCoVs.
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[^1]: FIP: FIP confirmed by FCoV positive results from body effusion and necropsy; Ill: cat was present either with the anorexia, weight loss, lethargy, icterus, or diarrhea but lack of final histopathological confirmation.

[^2]: All but no. 1 of 10 cats were diagnosed FIP through postmortem histopathological examination.

[^3]: *Specimen source*: R, rectal swab; P, pleural effusion; A, ascites; Ce, cerebellum; C, conjunctival swab.
